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The Operating Model (OM) for the South African sardine resource has been updated from that used to develop OMP-14 
given four more years of data.  The model has been altered from previous assessments to now model infection of sardine by 
a “tetracotyle”-type metacercarian parasite, and includes data on this parasite prevalence-by-length in the likelihood.  A 
Hockey-Stick stock recruitment relationship is used for this OM, with a different median recruitment and higher variability 
estimated for the west stock during “peak years”. Time-invariant natural mortality is assumed to be 1.0 year-1 for juveniles 
and 0.8 year-1 for adults as before.  The total resource abundance is estimated to be 688 thousand tons in November 2015, 
with the west stock consisting of 142 thousand tons and the south stock consisting of 546 thousand tons.  These biomasses 
are well below the long term average of 1 039 and 492 thousand tons for the total resource and west stock respectively, and 
near the long term average of 547 thousand tons for the south stock.  The west stock has experienced below average 
recruitment in 11 out of the 12 most recent years. 
 
Introduction 
The assessment of the South African sardine resource has been revised and updated using data available up to 
November 2015.  Two primary hypotheses regarding the sardine stock structure have been agreed for 
investigation.  The first considers sardine distributed off the west and south coasts of South Africa to form a single 
homogeneous “stock” (or “population”) (de Moor and Butterworth 2016).  The second considers the sardine to 
consist of a western stock and southern stock with some mixing between the two.  This document presents results 
at the joint posterior mode for the two mixing-stock hypothesis only. 
 
The two mixing-stock hypothesis postulates a “west” stock distributed west of Cape Agulhas and a “south” stock 
distributed south-east of Cape Agulhas, with movement from the “west” to the “south” stock in November each 
year.  de Moor and Butterworth (2015) considered the mixing to be only the movement of annually-varying west 
stock recruits to the south stock as they become 1 year old each November.  In addition they assumed no mixing 
prior to 1994 when there are no recruit survey data for the south coast.  This document extends that previous 
hypothesis by allowing for older west stock fish to move to the south stock and by estimating mixing for all the 
years considered in the assessment. 
 
This assessment also includes new data on the proportion of sardine-by-length infected by a digenean ‘tetracotyle-
type’ metacercarian endoparasite.  The working hypothesis assumed in this document is that only sardine 
distributed to the west of Cape Agulhas, i.e. west stock sardine, are infected with this parasite, based on the 
assumption that the parasite host is only found west of Cape Agulhas (Weston 2013, van der Lingen et al. 2015).  
Under this hypothesis, infection of sardine on the south coast can result only from west-to-south movement.  
 
                                                 
∗ MARAM (Marine Resource Assessment and Management Group), Department of Mathematics and Applied Mathematics, 
University of Cape Town, Rondebosch, 7701, South Africa. 
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Population Dynamics Model 
The same generalised operating model for the South African sardine resource is used for both the single and two 
mixing-stock hypotheses, and the data used in this assessment are listed in de Moor et al. (2016).  The model is 
detailed in Appendix A and all the parameters are defined in Tables A1 and A2.  The particular difference when 
fitting the two mixing-stock hypothesis to the data compared to the single-stock hypothesis is that both abundance 
indices and proportion-at-length data are disaggregated west and south of Cape Agulhas, and the negative log 
likelihood include terms for each of these spatially separate components.  In addition, the parasite data are used 
only in the likelihood for the two mixing-stock hypothesis.   
 
Key features of this model include: 
• The model is age-structured with a plus group of age 5.  A distribution of length-at-age is used to model 
the length-structure of the population at fixed times during the year, and the length-at-age-0 differs by 
year to allow for variations in the time of peak recruitment (thus being able to accommodate early/late 
recruitment). 
• Recruitment to each stock is dependent on the spawner biomass of that stock only (though the equations 
are generalised to allow for alternative assumptions to be made in robustness testing).  
• In the two mixing-stock hypothesis, permanent west-to-south movement is modelled, but no south-to-
west movement is permitted. 
 
Key differences in this model compared to that of de Moor and Butterworth (2015) include: 
• Spawner biomass is calculated assuming a maturity-at-length ogive which changes over time, rather than 
assuming all sardine mature at age 2, and using weight-at-length rather than weight-at-age. 
• The trawl survey selectivity-at-length is assumed to be logistic (hence allowing for some escapement of 
small fish); reduced availability (a decrease in selectivity) at larger lengths is no longer modelled. 
• The estimated stock-specific commercial selectivity-at-length curve is described by a logistic distribution 
at greater lengths rather than an inverted lognormal distribution.  Time-varying commercial selectivity is 
assumed, with selectivity varying by quarter and between four pre-specified periods (1984-1986, 1987-
1997, 1998-2001, 2002-2015). 
• Instead of assuming that the small (<14cm) sardine bycatch is measured without error, for numerical 
computation convenience a small error is allowed and a fishing mortality is estimated for this bycatch to 
assist with model convergence. 
• The informative prior distribution for the bias associated with the acoustic survey has been recalculated 
assuming a lognormal rather than normal distribution. 
• To aid stable parameter estimation, the stock-specific lengths at ages 1 and 3 are estimated instead of the 
von-Bertalanffy growth curve parameters themselves. 
• To account for variation in the time of the recruitment peak each year, the annual length-at-age 0 is 
estimated to vary with additive normal error about a median value at 1st November. 
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• In the two mixing-stock hypothesis, movement of age 2+ sardine is assumed to be non-zero, and is a 
time-invariant proportion of the proportion of age-1 sardine moving each year. 
• In the two mixing-stock hypothesis, infection of sardine by the parasite is modelled to occur in an annual 
pulse on 1st November and the proportion of sardine infected is age-invariant (but excludes recruits of 
age 0 on 1st November).  Infection by the parasite is assumed to result in no change to growth, maturity, 
natural or fishing mortality. 
In addition, a number of other prior distributions have been modified and/or parameters have been re-
parameterised to assist with model convergence. 
 
Natural mortality 
A number of combinations of median juvenile and adult natural mortality values are examined, covering the range 
0.6 to 1.2 year-1, for the case where a Hockey Stick stock recruitment relationship is assumed.  For realism, only 
combinations with Sad
S
j MM ≥  are considered. 
 
Results and Discussion 
Natural mortality 
Table 2 lists the various contributions to the objective function at the posterior mode for the full range of 
combinations of juvenile and adult natural mortality tested.  Given the choice of prior distributions, the ratio 
S
N
S
r kk /  is by definition less than 1.  Combinations of natural mortality which result in 𝑘𝑘𝑟𝑟𝑆𝑆 𝑘𝑘𝑁𝑁𝑆𝑆 < 0.5⁄  are considered 
less plausible and are not considered further. 
 
To maintain consistency with previous assessments, the base case hypothesis continues to assume 𝑀𝑀�𝑗𝑗𝑆𝑆 = 1.0 and 
𝑀𝑀�𝑎𝑎𝑎𝑎
𝑆𝑆 = 0.8.  This choice was made considering both the single and two-mixing stock hypotheses jointly.  There 
is only one case where the fit to the data (in terms of the negative log likelihood) is better than 𝑀𝑀�𝑗𝑗𝑆𝑆 = 1.0 and 
𝑀𝑀�𝑎𝑎𝑎𝑎
𝑆𝑆 = 0.8 at the joint posterior mode.  However those improvements were not considered sufficient to warrant 
changing from the selection used in the most recent assessment, given also the major difficulties that a change 
would introduce for maintaining a comparable risk definition 
 
Results at the posterior mode 
The model fits to the time series of survey abundance indices of November biomass and May recruitment surveys 
are shown in Figures 1 and 2.  In both cases the fits to the survey data are reasonably good.  As for the single 
stock hypothesis (de Moor and Butterworth 2016), the model under-predicts the west stock recruitment in May 
2010 as it is unable to reconcile the conflicting data of an above average recruitment estimate in May 2010, with 
almost no increase in the November biomass estimate from 2009 to 2010.  The model is also not able to fully 
replicate the annual switches from relatively high to relatively low west stock recruitment between 1994 and 
1997, given the constraint of also fitting the November biomass during this same period.  The sudden and short-
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lived increase in survey biomass for the south stock in November 2011 was also under-predicted given the low 
and absent survey estimates of west and south stock recruitment in May 2011, respectively. 
 
The bias in the surveys is estimated to be 0.75 for the November acoustic survey and 0.51 for the May recruit 
survey, and the model assumes the coverage of the south stock recruits by the May survey is the same as that of 
the west stock recruits.   
 
The estimated stock-recruitment relationships are shown in Figure 3.  As for the single stock assessment (de Moor 
and Butterworth 2016), the median recruitment to the west stock is estimated to be much higher during peak years 
(2000-2004), with a much higher standard deviation about the curve during these years compared to “non-peak” 
years.  The model estimated annual proportions of age 1 and age 2+ sardine moving from the west to south stock 
are shown in Figure 4.  The proportion of 2+ sardine moving is estimated at the joint posterior mode to be 80%1 
of that of the 1 year olds.  These results continue to show that the west stock is estimated to be substantially more 
productive than the south stock, with the observed peak in biomass in the south stock in the early 2000s estimated 
to have primarily resulted from movement of west stock fish to the south stock, than to have originated from 
south stock recruitment. 
 
The model estimated survey trawl selectivity is shown in Figure 5 with the residuals from the fit to the November 
survey length frequency data given in Figure 6.  de Moor et al. (In review) show that some improvement in the 
comparison of average model predicted proportions-at-length with those from the survey (Figure 7) is obtained 
when the parasite prevalence-at-length data are excluded from the model. This indicates there may be some 
conflict in these two sets of length-structured data.  In addition, the remaining differences in the averages for the 
south stock may be indicative of the hypothesised south coast winter spawning, but further analyses to investigate 
this have yet to be carried out. 
 
The model estimated commercial selectivity is shown in Figure 8.  While the model is able to fit the data better 
by allowing commercial selectivity to differ by quarter and year (results not shown here), this variability does not 
remove all of the systematic residual patterns in the model fit to the commercial proportion-at-length data (Figures 
9 and 10).  The average (over all years and quarters) model predicted commercial proportions-at-length matches 
the general pattern of that observed, when considering that the variability in the normal distribution for small 
lengths is the same for all years (Figure 10).  Further work could allow for time-varying changes in further 
commercial selectivity parameters or alternatively model some selectivity parameters with a random walk rather 
than with pre-specified time blocks to see if an improved fit would be warranted given the additional parameters 
estimated. 
 
                                                 
1 Note this point estimate at the joint posterior mode may not be reflective of the marginal posterior distribution (e.g. see de 
Moor et. al. In Review). 
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A key factor in the model fits to the proportion-at-length data is the model estimated growth curve (Figure 11) 
and variability about this curve (Figure 12).  The estimated annual residuals about an average age at which length 
is zero, chosen to mimic differences between early and late peak recruitment, allowed a better fit to the model. 
 
As parasite prevalence-at-length data are only available from 2010 onwards, the infection rate is estimated from 
2008 onwards and fixed at an arbitrary rate prior to 2008.  The estimated rates of infection of west stock sardine 
by the parasite are estimated to vary substantially between years (Figure 13).  The model is able to trace the 
observed prevalence-at-length from November surveys sufficiently well for the west stock, with some good fits 
(e.g. 2015) to the south stock data too (Figure 14).  Figure 15 shows the model estimated annual proportions-by-
length moving, which provides a visual link between the model estimated proportions-by-age which move (Figure 
4) and the informative prevalence-by-length data.  While the proportions are estimated to be large in some recent 
years, the numbers moving were more substantial in the early 2000s (Figure 15b). 
 
Figure 16 shows the model estimated harvest rates and approximate instantaneous fishing mortality rates (see 
Appendix C).  Table 2 gives the model estimated loss to predation compared to the loss to fishing mortality. 
 
Summary 
This document has detailed the results for the updated assessment of the South African sardine resource, assuming 
a two mixing-stock hypothesis.  Further robustness testing needs to be carried out and will be reported in a 
subsequent document.  This recommended base case hypothesis assumes a different constant median west stock 
recruitment over the peak years of 2000-2004, together with 𝑀𝑀�𝑗𝑗𝑆𝑆 = 1.0 and 𝑀𝑀�𝑎𝑎𝑎𝑎𝑆𝑆 = 0.8.  This is consistent with 
the base case hypothesis recommended for the single stock hypothesis (de Moor and Butterworth 2016). 
 
These results have shown yet further progress towards a new two mixing-stock hypothesis for South African 
sardine.  In particular, the direct fitting of the model to the parasite prevalence-at-length data from the November 
surveys from 2010 to 2015 has resulted in more precise estimates of movement in recent years (de Moor et al. 
submitted) and the ability to estimate a time and age-invariant proportion parameter allowing for age 2+ sardine 
to also move permanently from the west to the south stock.   
 
The total resource biomass in November 2015 is estimated to be 688 thousand tons, with the west stock consisting 
of 142 thousand tons and the south stock consisting of 546 thousand tons.  These biomasses are well below the 
long term average of 1 039 and 492 thousand tons for the total resource and west stock respectively, and near the 
long term average of 547 thousand tons for the south stock.  The west stock has experienced below average 
recruitment in 11 out of the 12 most recent years. Harvest rates on the west stock have decreased since the peak 
in 2006 – 2008, but remain higher than that for the south stock in recent years. 
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Table 1. The contributions to the objective function at the posterior mode for a range of combinations of juvenile, S
jM , and adult, SadM , natural mortality for models assuming 
the Hockey Stick stock recruitment relationship.  The ratio of the multiplicative bias in the recruit survey to that in the November survey, SNSr kk , is given for diagnostic purposes.  
Shaded rows represent what are considered unrealistic values for this ratio.   
S
jM  
S
adM  
-ln(Post-
erior) 
∆ {-
ln(Likel
ihood)} 
-ln(Likelihood) -ln(Prior) 
S
Nk  
S
rk  
S
N
S
r kk
 Nov Rec 
Com 
Prop-at-
length 
Survey 
Prop-at-
length
 
Preva-
lence Sack  
S
yε  y
move ,1  
 
t
yε  
0.6 0.6 697.53* 7.8 61.7 64.6 -385.9 -360.9 1281.3 -1.33 25.94 -27.75 40.67 -0.84 0.77 0.77 1.00 
0.8 0.6 697.07* 7.6 61.3 64.6 -385.9 -360.9 1281.4 -1.32 25.74 -27.75 40.67 -0.84 0.77 0.68 0.88 
0.8 0.8 692.15 2.7 59.7 64.6 -384.8 -365.3 1281.5 -1.42 25.68 -27.73 40.64 -0.85 0.75 0.56 0.75 
1 0.6 699.02 9.6 60.8 64.0 -385.7 -357.0 1280.4 -1.36 25.63 -27.85 40.80 -0.84 0.76 0.62 0.81 
1 0.8 689.22 0.0 60.5 64.5 -387.3 -365.4 1280.6 -1.42 25.51 -27.69 40.64 -0.84 0.75 0.51 0.68 
1 1 685.84 -3.1 58.5 63.9 -383.6 -370.2 1281.3 -1.44 25.14 -27.81 40.82 -0.83 0.74 0.45 0.61 
1.2 0.6 702.07 12.4 61.5 65.2 -383.7 -358.9 1281.3 -1.41 25.25 -27.73 41.36 -0.85 0.75 0.58 0.78 
1.2 0.8 695.04 5.7 58.6 64.4 -383.2 -364.4 1283.3 -1.44 25.00 -27.66 41.16 -0.85 0.74 0.47 0.64 
1.2 1 694.80* 5.1 62.0 64.1 -384.5 -364.7 1281.2 -1.41 24.43 -27.60 42.09 -0.85 0.72 0.41 0.57 
1.2 1.2 697.38 7.4 63.6 64.5 -382.8 -364.3 1279.4 -1.36 24.67 -27.59 41.94 -0.85 0.71 0.37 0.53 
1.4 0.6 705.29 14.7 64.6 64.7 -382.6 -360.5 1281.5 -1.41 26.06 -27.68 41.39 -0.85 0.75 0.54 0.72 
1.4 0.8 697.27 6.6 63.0 64.0 -383.8 -365.7 1282.0 -1.44 26.24 -27.62 41.16 -0.85 0.74 0.45 0.61 
1.4 1 697.09 5.0 63.9 63.2 -386.0 -363.4 1280.2 -1.44 26.59 -27.65 42.37 -0.84 0.74 0.40 0.54 
1.4 1.2 697.81 7.8 64.5 64.4 -382.8 -364.8 1279.4 -1.36 24.73 -27.57 41.93 -0.85 0.71 0.34 0.49 
1.4 1.4 694.79 1.2 63.9 64.5 -382.8 -368.0 1276.5 -1.44 29.05 -27.59 41.31 -0.84 0.73 0.34 0.46 
 
* Non positive definite Hessian 
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Table 2.  The annual estimated sardine loss to predation (in ‘000t), P (Appendix C), compared to the annual sardine 
directed and total catch (in ‘000t). 
 West Stock South Stock 
Year Directed Catch Total Catch Loss to Predation Directed Catch Total Catch Loss to Predation 
1984 27.178 27.178 32.098 0.000 0.000 1.353 
1985 30.843 30.843 111.682 0.000 0.000 25.489 
1986 30.639 30.639 171.597 0.000 0.000 66.544 
1987 26.703 33.529 308.801 0.000 0.000 73.270 
1988 28.338 34.527 366.227 0.000 0.000 55.783 
1989 25.837 36.065 573.890 0.171 0.171 70.335 
1990 48.832 56.416 666.829 0.453 0.453 81.044 
1991 44.981 52.043 498.079 1.155 1.155 84.455 
1992 38.551 51.680 486.552 2.509 2.509 108.424 
1993 40.385 47.003 705.761 2.144 2.144 129.644 
1994 76.688 91.902 723.216 4.361 4.361 195.607 
1995 89.936 111.590 780.690 4.370 4.370 164.216 
1996 85.232 93.843 888.730 6.480 6.480 112.592 
1997 117.365 124.253 1216.093 6.315 6.315 229.251 
1998 114.090 127.410 1344.137 4.095 4.095 158.315 
1999 89.320 96.767 1073.429 5.561 5.561 373.445 
2000 137.436 144.747 895.972 7.126 7.126 550.868 
2001 129.380 143.240 1929.481 10.380 10.380 610.602 
2002 198.608 211.185 2402.631 24.568 24.568 1592.368 
2003 218.321 228.773 2140.505 57.372 57.372 1991.073 
2004 287.500 293.872 875.087 79.532 79.532 1724.521 
2005 154.285 159.964 301.384 142.373 142.373 1117.139 
2006 71.563 80.816 336.954 136.873 136.873 502.729 
2007 73.327 77.266 203.895 84.126 84.126 261.815 
2008 34.802 38.730 231.170 46.036 46.036 172.753 
2009 69.140 72.213 338.013 33.474 33.474 208.624 
2010 58.928 76.908 815.362 27.444 27.444 136.035 
2011 79.398 90.802 806.739 29.966 29.966 171.206 
2012 69.973 77.650 587.995 27.147 27.147 185.136 
2013 54.576 57.925 590.118 35.734 35.734 88.827 
2014 55.416 61.505 394.059 34.666 34.666 282.056 
2015 51.989 65.245 626.910 21.128 21.128 197.455 
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Figure 1. Acoustic survey estimated and model predicted November sardine 1+ biomass from 1984 to 2015.  The 
observed indices are shown with 95% confidence intervals.  The standardised residuals (i.e. the residual divided by the 
corresponding standard deviation, including additional variance where appropriate) from the fits are given in the right 
hand plots. 
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Figure 2. Acoustic survey estimated and model predicted sardine recruitment numbers from May 1985 to May 2015. 
The survey indices are shown with 95% confidence intervals.  The standardised residuals from the fit are given in the 
right hand plots. 
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Figure 3.  Model predicted sardine recruitment (in November) plotted against spawner biomass from November 1984 to November 2014 with the estimated Hockey stick stock 
recruitment relationships are shown in the left side plots.  The grey line shows the median 2000-2004 west stock recruitment and the open diamonds correspond to these same 
‘peak’ years.  The dotted line indicates the replacement line.  The standardised residuals for the fits are given in the centre and right side plots, against year and against spawner 
biomass respectively. 
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Figure 4. Model estimated proportion of 1-year-olds and 2+-year-olds which move from the “west” stock to the 
“south” stock in November.  The right hand plot shows the numbers of 1-, 2- and 3-year olds moving while the 
lower plot shows rough2 estimates of the annual biomass moving from the west to south stock.  
 
  
                                                 
2 Calculated using the average of “west” and “south” stock weights-at-age. 
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Figure 5. The model estimated November survey selectivity at length.   
 
 
Figure 6. Residuals from the fit of the model predicted proportions-at-length in the November survey to the 
hydroacoustic survey estimated proportions.  The left panels show the residuals for the minus length class (9cm) 
and the right panels show the residuals for the remaining length classes. 
 
 
Figure 7. Average (over all years) model predicted and observed proportion-at-length in the November survey.  
 
  
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15 20 25
Su
rv
ey
 S
el
ec
tiv
ity
 a
t 
le
ng
th
length (cm)
West
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15 20 25
Su
rv
ey
 S
el
ec
tiv
ity
 a
t 
le
ng
th
length (cm)
South
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0 5 10 15 20 25
Length Class (cm)
West
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0 5 10 15 20 25
Length Class (cm)
South
FISHERIES/2016/JUL/SWG-PEL/22REV2 
 
9 
 
 
Figure 8. The model estimated commercial selectivity at length, which differs between four pre-specified time 
periods (the four rows) and quarters.   
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Figure 9. Residuals from the fit of the model predicted proportions-at-length in the quarterly commercial catch 
to the observed proportions.  
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Figure 10. Average (over all quarters and years) model predicted and observed proportion-at-length in the 
commercial catch (top row), and average (over all years) quarterly model predicted and observed proportions-at-
length in the commercial catch (subsequent rows).  
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Figure 11. The annual von Bertalanffy growth curves estimated by allowing for auto-correlated residuals for the 
variation about the age at which length is zero. 
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Figure 12. The model estimated distributions of proportions-at-length for each age, given at the time of the 
biomass survey (1 November, top row), and middle of each quarter of the year (corresponding to the times 
commercial catch is modelled to be taken) for age 0, 1 and 2 (subsequent rows). 
 
 
0
0.1
0.2
0.3
0.4
0 5 10 15 20
Pr
op
or
tio
n-
at
-le
ng
t i
n 
No
ve
m
be
r
Caudal Length (cm)
Age 0
Age 1
Age 2
Age 3
Age 4
Age 5+
West
0
0.1
0.2
0.3
0.4
0 5 10 15 20
Pr
op
or
tio
n-
at
-le
ng
t i
n 
No
ve
m
be
r
Caudal Length (cm)
Age 0
Age 1
Age 2
Age 3
Age 4
Age 5+
South
0
0.1
0.2
0.3
0.4
0 5 10 15 20
Pr
op
or
tio
n-
at
-le
ng
t o
f 
Ag
e 
0
Caudal Length (cm)
Q1
Q2
Q3
Q4
West
0
0.1
0.2
0.3
0.4
0 5 10 15 20
Pr
op
or
tio
n-
at
-le
ng
t o
f 
Ag
e 
0
Caudal Length (cm)
Q1
Q2
Q3
Q4
South
0
0.1
0.2
0.3
0.4
0 5 10 15 20
Pr
op
or
tio
n-
at
-le
ng
t o
f 
Ag
e 
1
Caudal Length (cm)
Q1
Q2
Q3
Q4
West
0
0.1
0.2
0.3
0.4
0 5 10 15 20
Pr
op
or
tio
n-
at
-le
ng
t o
f 
Ag
e 
1
Caudal Length (cm)
Q1
Q2
Q3
Q4
South
0
0.1
0.2
0.3
0.4
0 5 10 15 20
Pr
op
or
tio
n-
at
-le
ng
t o
f 
Ag
e 
2
Caudal Length (cm)
Q1
Q2
Q3
Q4
West
0
0.1
0.2
0.3
0.4
0 5 10 15 20
Pr
op
or
tio
n-
at
-le
ng
t o
f 
Ag
e 
2
Caudal Length (cm)
Q1
Q2
Q3
Q4
South
FISHERIES/2016/JUL/SWG-PEL/22REV2 
 
14 
 
   
Figure 13. The model estimated proportion of west stock sardine infected with the parasite between 2008 and 
2015.  (Annual infection rate is arbitrarily assumed to be 0.2 prior to 2008.)   
 
 
Figure 14. The model estimated proportions-at-length of west and south stock sardine infected with the parasite 
(i.e. parasite prevalence-by-length) between 2010 and 2015 together with the observed proportions-at-length.  The 
sample size for each length class is given by the grey bars, plotted against the right vertical axis. 
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Figure 14 (continued). 
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Figure 15.  Model estimated annual a) proportion-by-length and b) numbers-by-length of sardine which move 
from the “west” stock to the “south” stock in November. 
 
 
Figure 16. The harvest proportion (simply calculated as the observed annual (Nov-Oct) catch tonnage as a 
proportion of the model predicted total biomass), and the estimated fishing mortality on a fully selected length 
class of the “west” and “south” stocks and the total population.  
1984
1995
2006
0
0.1
0.2
0.3
0.4
0.5
2.
5 4
5.
5 7
8.
5 10
11
.5 13
14
.5 16
17
.5 19
20
.5 22
23
.5
Pr
op
or
tio
ns
 m
ov
in
g
Length (cm)
a)
1984
1995
2006
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
2.
5 4
5.
5 7
8.
5 10
11
.5 13
14
.5 16
17
.5 19
20
.5 22
23
.5
Nu
m
be
rs
 m
ov
in
g 
(b
ill
io
ns
)
Length (cm)
b)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1983 1988 1993 1998 2003 2008 2013
H
ar
ve
st
 P
ro
po
rt
io
n
Year
Total
West
South
a)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1983 1988 1993 1998 2003 2008 2013
F
Year
Total
West
South
b)
2001 
2003 
FISHERIES/2016/JUL/SWG-PEL/22REV2 
 
17 
 
Appendix A: Bayesian assessment model for the South African sardine resource 
 
The assessment is run from November 19841 =y  to November 2014=ny , with the following subscript notation: 
• quarters 1=q  denoting November 1−y  to January y , 2=q  denoting February to April y , 3=q  denoting 
May to July y  and 4=q  denoting August to October y ; 
• ages 0=a  to a plus group of += 5a ; 
• lengths from a minus group of cml −= 5.2  to a plus group of cml += 24 ; 
• stocks Wj =  or Sj =  denote the west and south stocks, respectively, where only the west stock 
equations are used in the single stock hypothesis; 
• infection NIp =  or Ip =  denote the sardine uninfected and infected with the digenean ‘tetracotyle-
type’ metacercarian endoparasite, respectively. 
All parameters are defined in Tables S1 and S2. 
 
Population Dynamics 
Numbers-at-age at 1 November before movement or infection 
( )( )( )( ) 8/1,4,,,4/1,3,,,4/1,2,,,4/1,1,,,8/1,1,,* ,,, 1,1,1,1,1, )( S ayS ayS ayS ayS ay MS aypjMS aypjMS aypjMS aypjMS aypjS aypj eCeCeCeCeNN −−−−− −−−−−−−−−−− −−−−=
 NIIp ,= , nyyy ≤≤1 , 41 ≤≤ a  
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4/
4,3,,,
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4,1,,
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5,,,
5,5,5,5,5
4,4,4,4,4,
)(
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S
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S
y
S
y
S
y
S
S
y
S
y
S
y
S
y
S
y
MS
ypj
MS
ypj
MS
ypj
MS
ypj
MS
ypj
MS
ypj
MS
ypj
MS
ypj
MS
ypj
MS
ypj
S
aypj
eCeCeCeCeN
eCeCeCeCeNN
+++++ −
+
−
+
−
+
−
+
−
+−
−−−−−
−+=
−−−−+
−−−−=
 
 NIIp ,= , nyyy ≤≤1  (A1) 
 
Infection of west stock sardine in the two mixing-stock hypothesis; in the single stock hypothesis 0=yI  as the 
parasite data have no influence so that they are not included in the likelihood 
( ) * ,,,** ,,, 1 S ayNIWyS ayNIW NIN −=  nyyy ≤≤1 , +≤≤ 51 a  
*
,,,
*
,,,
**
,,,
S
ayNIWy
S
ayIW
S
ayIW NINN +=  nyyy ≤≤1 , +≤≤ 51 a  
*
,,,
**
,,,
S
aypS
S
aypS NN =  NIIp ,= , nyyy ≤≤1 , +≤≤ 51 a  (A2) 
 
Movement of west stock ( Wj = ) sardine to the south stock ( Sj = ) in the two mixing-stock hypothesis; in the 
single stock hypothesis 0, =aymove  
( ) * ,,,,,,, 1 +−= S aypWayS aypW NmoveN  NIIp ,= , nyyy ≤≤1 , +≤≤ 51 a
 
*
,,,,
*
,,,,,,
S
aypWay
S
aypS
S
aypS NmoveNN +=  NIIp ,= , nyyy ≤≤1 , +≤≤ 51 a  (A3) 
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Numbers-at-age mid-way through each quarter (for use in catch equations) 
8/
,1,,,1,,,
,
S
ayMS
aypj
S
aypj eNN
−
−=  NIIp ,= , nyyy ≤≤1 , +≤≤ 51 a  
4/
,1,,,,1,,,,,,,
,)(
S
ayMS
aqypj
S
aqypj
S
aqypj eCNN
−
−− −=               NIIp ,= , nyyy ≤≤1 , 42 ≤≤ q , +≤≤ 51 a  (A4) 
 
Numbers-at-length at 1 November (after infection and movement) 
The model estimated numbers-at-length range from a 2.5cm minus group to a 24cm plus group, denoted 2.5- and 
24+, respectively, in the remaining text.  
∑
+
=
=
5
0
,,,,,,,,,
a
S
aypj
sur
layj
S
lypj NAN  NIIp ,= , nyyy ≤≤1 , cmlcm +− ≤≤ 245.2  (A5) 
The model predicted numbers-at-length of ages 1+ only are given by: 
∑
+
=
+ =
5
1
,,,,,,
1,
,,,
a
S
aypj
sur
layj
S
lypj NAN  NIIp ,= , nyyy ≤≤1 , cmlcm +− ≤≤ 245.2  (A6) 
The proportion of sardine of age a  in stock j  that fall in length group l  at 1 November, sur layjA ,,, , is calculated 
under the assumption that length-at-age is normally distributed about a von Bertalanffy growth curve: 
( )( )( )2,,,,, ,1~ ,,0 ajtajsur layj yjjeLNA ϑκ −−∞ −   3  nyyy ≤≤1 , +≤≤ 50 a , cmlcm +− ≤≤ 245.2   (A7) 
with 
 ( )



≤<−++
=+
=
− n
t
y
tt
y
t
j
t
yj
yj yyyt
yyt
t
1
2
1,0
1,0
,,0 1 ερερ
ε
  4     (A8) 
 
Natural mortality 
Natural mortality is modelled to vary annually in an autocorrelated manner around a median as follows (although 
the baseline assumes no such correlation – see Table A.1): 
j
yeMM Sj
S
ay
ε==0,  with 
jj
19841984 ηε =  and jyjyjy ηρρεε 21 1−+= −  , 1yy >  (A9) 
ad
yeMM Sad
S
ay
ε=+=1,  with 
adad
19841984 ηε =  and adyadyady ηρρεε 21 1−+= − , 1yy >  (A10) 
 
  
                                                 
3 Given the allowance for early/late recruitment in varying yt ,0  estimates annually, there may be some proportion of this 
distribution below a length of zero (due to late recruitment).  In these cases, this proportion is removed from the proportion-
at-length of the minus length class.  
4 Additive error allows for early or late recruitment.  While the timing of recruitment may vary between stocks due to differing 
environmental conditions on the west and south coasts, the same autocorrelation parameters are assumed here for simplicity 
reasons. 
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Spawning biomass and biomass associated with the November survey 
∑ ∑=
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−=
+
p l
S
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yj wNfSSB
24
5.2
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1,
,,,,,,
 nyyy ≤≤1   (A11) 
( ) S ySSS yWWSeff yWj SSBSSBSSB ,,, , 1 χχ −+==  nyyy ≤≤1   
( ) S ySSS yWWSeff ySj SSBSSBSSB ,,, , 1 χχ +−==  nyyy ≤≤1   (A12) 
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where 
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Commercial selectivity 
( )
( ) ( ){ }











>
=≤≤
−−+
+







 −+
−
≤
=
maxmax,,
max
,2,,,2
2
1
2
,1
,,,
236
exp1
125.0exp
5.50
llS
cmllcm
ll
ll
cml
S
lyj
sel
yqyj
sel
j
j
lqyj σσ
χ  
 nyyy ≤≤1 , 41 ≤≤ q  (A15) 
∑
+
−=
=
5.23
5.2
,,,,,,,,,,
l
lqyj
com
laqyjaqyj SAS  nyyy ≤≤1 , 41 ≤≤ q , 
+≤≤ 50 a  (A16) 
where ( )( )( )( )2,8/12,,,,, ,1~ ,0 ajtqajcom laqyj yjeLNA ϑκ −−+−∞ −   
 nyyy ≤≤1 , 41 ≤≤ q , +≤≤ 50 a , cmlcm +− ≤≤ 245.2  (A17) 
 
Bycatch in the anchovy directed fishery 



≤≤
≤≤
=
+520
10,,,,,,,
,,,, a
aFN
C
By
aqyj
S
aqypjbycatch
aqypj   6 NIIp ,= , nyyy ≤≤1 , 41 ≤≤ q  (A18) 
 
Catch in the directed sardine and round herring bycatch fisheries   
( ) qyjaqyjbycatch aqypjS aqypjdir aqypj FSCNC ,,,,,,,,,,,,,,,,, −=   NIIp ,= , nyyy ≤≤1 , 41 ≤≤ q , +≤≤ 50 a  (A19) 
 
Total catch 
dir
aqypj
bycatch
aqypj
S
aqypj CCC ,,,,,,,,,,,, +=  NIIp ,= , nyyy ≤≤1 , 41 ≤≤ q , +≤≤ 50 a  (A20) 
                                                 
5 The biomass in 2015=ny  excludes age 0 fish, although the contribution of age 0 fish to the total biomass should be minor. 
6 “Selectivity” is incorporated in By aqyjF ,,, , as the sardine bycaught is typically independent of sardine abundance, but rather 
correlated with anchovy recruitment which varies from year to year. 
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Fished proportion of the available biomass from the bycatch in the anchovy directed fishery 
∑
∑+∑ ∑
=
==
<
=
= <
=
−
==
p
S
aqypj
lcutl
fleetRLF
lyj
m lcutl
fleetRLF
lmyj
By
aqyj N
CC
F mymy
0,1,,,
3,
,1,,
12
11
3,
,,1,
0,1,,
,,  
∑
∑+∑ ∑
=
==
>=
=
= >=
=
−
==
p
S
aqypj
lcutl
fleetRLF
lyj
m lcutl
fleetRLF
lmyj
By
aqyj N
CC
F mymy
1,1,,,
3,
,1,,
12
11
3,
,,1,
1,1,,
,,  
∑
∑ ∑
=
==
= <
=
==
p
S
aqypj
m lcutl
fleetRLF
lmyj
By
aqyj N
C
F my
0,2,,,
4
2
3,
,,,
0,2,,
,
 
∑
∑ ∑
=
==
= >=
=
==
p
S
aqypj
m lcutl
fleetRLF
lmyj
By
aqyj N
C
F my
1,2,,,
4
2
3,
,,,
1,2,,
,  
∑
∑ ∑
=
==
= <
=
==
p
S
aqypj
m lcutl
fleetRLF
lmyj
By
aqyj N
C
F my
0,3,,,
7
5
3,
,,,
0,3,,
,
 
∑
∑ ∑
=
==
= >=
=
==
p
S
aqypj
m lcutl
fleetRLF
lmyj
By
aqyj N
C
F my
1,3,,,
7
5
3,
,,,
1,3,,
,  
∑
∑ ∑
=
= <
=
==
p
S
ypj
m lcutl
fleetRLF
lmyj
By
aqyj N
C
F my
0,4,,,
10
8
3,
,,,
0,4,,
,
 
∑
∑ ∑
=
= >=
=
==
p
S
ypj
m lcutl
fleetRLF
lmyj
By
aqyj N
C
F my
1,4,,,
10
8
3,
,,,
1,4,,
,  (A21) 
A penalty is imposed within the model to ensure that 95.0,,, <
By
aqyjF .   
 
Fished proportion of the available biomass from the directed catch and round herring bycatch fisheries 
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A penalty is imposed within the model to ensure that 95.0,,,,, <qyjlqyj FS .  Fish <6cm were seldom7 caught and 
were thus not used in fitting this model.  Commercial selectivity-at-length is fixed to zero for length classes <6cm 
(equation S12). 
 
                                                 
7 Less than 6% of the quarters west of Cape Agulhas, less than 2% of the quarters south-east of Cape Agulhas and less than 
4% of the quarters for the whole coast. 
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Recruitment 
For the west/single stock only, if 20042000 ≤≤ y :  
( )
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
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−
=
NIp
IpecN
S
peakrj
S
yjS
jS aypj
 if0
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,,,, 5.0
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 Carrying Capacity 
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Number of recruits associated with the recruit survey 
( ) ( )( ) 12/5.00,,12/5.08/10,2,,,0,2,,,,,, 0,0, ~ SySySySy MtS bsyjMtS yNIjS yNIjS rjS ryj eCeCNkN ×−+− −−=     nyyy ≤≤1  (A25) 
 
Multiplicative survey bias 
S
ac
S
Nj kk =,     (A26) 
S
ac
SS
rWj kkk ×== cov,     (A27) 
S
ac
SS
S
S
rSj kkkk ××== covcov,   (for the two mixing-stock hypothesis only) (A28) 
 
Survey trawl selectivity 
( ){ }[ ]


≤≤−+−+
=
=
+−
−
cmlcmSl
cml
S surveylj 24325.0exp1
5.20
1
50
, δ
 nyyy ≤≤1  (A29) 
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Proportion-at-length associated with the November survey 
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  8
        
nyyy ≤≤1  (A30) 
Proportion-at-length of fish infected with the parasite in November 
∑
=
p
S
lypj
S
lyIjS
lyj N
N
P
,,,
,,,
,,
 nyyy ≤≤1 , cmlcm 2310 ≤≤  (A31) 
 
Catch-at-length from the directed and round herring bycatch fisheries 
( )∑ −= +
=
5
0
,,,,,,,,,,,,,,,,,,,,
a
qyjlqyj
com
laqj
bycatch
aqypj
S
aqypj
dir
lqypj FSACNC    9 
                                                                                       NIIp ,= , nyyy ≤≤1 , 41 ≤≤ q , cmlcm +− ≤≤ 245.2  (A32) 
 
Proportion-at-length associated with the directed catch and round herring bycatch 
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6
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,,,
       10 nyyy ≤≤1 , 41 ≤≤ q   (A33) 
 
Fitting the Model to Observed Data (Likelihood) 
prevproplcomproplsurrecNov LLLLLL lnlnlnlnlnln −−−−−=−   (A34) 
where 
                                                 
8 The inclusion of model predicted proportion-at-length 24+cm is deliberate to take into account the zero samples of 24+cm 
sardine in the survey.  
9 Note the model predicted commercial catch of lengths <6cm is zero, from a zero commercial selectivity in equation A.13.  
This is consistent with the range of length classes in the observed commercial proportions-at-lengths. 
10 Note the model predicted commercial catch of lengths <6cm is zero, from a zero commercial selectivity in equation A.13.  
This is consistent with the range of length classes in the observed commercial proportions-at-lengths. 
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( ) ( ) ( ){ }∑ ∑ ∑ −−−−=−
= =j y
cm
cml
S
lyj
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lyj
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lyj
S
lyj
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lyj
prev PnNPnL
2014
2010
23
5
,,,,,,,,,, 1lnlnln  (A39) 
A “robustified likelihood” is used for the contributions from the hydro-acoustic surveys to ensure no undue 
influence from any extreme (outlying) values for residuals.  The functional form chosen to robustify makes 
negligible difference for standardised residuals of magnitude three or less, but essentially treats large standardised 
residuals as if they do not exceed five in magnitude. 
 
                                                 
11 The 21+ group in this equation consists of the length classes 21cm, 21.5cm, 22cm, 22.5cm, 23cm and 23.5cm. 
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Table A1. Assessment model parameters and variables with associated fixed values or prior distributions and, for derived variables, associated equation numbers.  
As the majority of prior distributions are uninformative, notes are provided only for informative priors and/or bounds. 
  
Parameter / 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
An
nu
al
 n
um
be
rs
 a
nd
 b
io
m
as
s 
S
aypjN ,,,  
Model predicted numbers-at-age a  at the beginning of November in year y  of 
stock j  that are uninfected ( NIp = ) or infected ( Ip = ) with the endoparasite Billions  
A1 - A3, 
A23  
S
aqypjN ,,,,  
Model predicted numbers-at-age a  mid-way through quarter q  of year y  of stock 
j  that are uninfected ( NIp = ) or infected ( Ip = ) with the endoparasite Billions  A4  
S
ayM ,  Rate of natural mortality of age a  in year y  Year-1  
0.10, =
S
yM
8.01, =+
S
yM
 
de Moor and 
Butterworth (2015) 
yI  
Proportion of uninfected west stock sardine that are infected with the 
endoparasite in year y  (two mixing-stock hypothesis only)  
)1,0(~ UI y
nyy ≤≤2008  
  
aymove ,  
Proportion of west stock sardine of age a  which move to the south stock at the 
beginning of November of year y  (two mixing-stock hypothesis only) - 
=0, 20071 ≤≤ yy
( )05.1,05.1~1, Betamovey
, 1,2, yy movemove ×=+ φ , 
)1,0(~ Uφ  
  
S
yjSSB ,  
Model predicted spawning biomass of stock j  at the beginning of November in 
year y  
Thousand 
tons  A11  
Seff
yjSSB
,
,  
Model predicted effective spawning biomass of stock j  at the beginning of 
November in year y      
S
yjB ,  
Model predicted total biomass of stock j  at the beginning of November in year y
, associated with the November survey 
Thousand 
tons  A13  
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Table A1 (Continued). 
Parameter / 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
  
An
nu
al
 n
um
be
rs
 a
nd
 b
io
m
as
s 
S
lyjf ,,  Proportion of stock j  sardine that are mature in length class l  in year y  - 
( ){ }[ ] 117.1/2.17exp1 −−−+ l
19871984 ≤≤ y
( ){ }[ ] 126.1/6.18exp1 −−−+ l
19951988 ≤≤ y
( ){ }[ ] 140.1/4.19exp1 −−−+ l
20031996 ≤≤ y
( ){ }[ ] 195.0/4.17exp1 −−−+ l
20142004 ≤≤ y  
Refit from data used 
by van der Lingen et 
al. (2006) using 
midpoints of length 
classes.  Assuming 
maturity post-2003 
reflects that of 1965-
1975 as maturity is 
hypothesized to be 
density dependent 
(van der Lingen et al. 
2006) and both these 
periods correspond to 
low biomass 
following a peak in 
abundance 
jχ  Proportion of j-stock spawner biomass that contributes to the effective spawning biomass on the same coast  1.0 
Alternative values 
will be tested in 
robustness tests 
S
ljw ,  Mean mass of sardine of stock j  in length class l  Grams 03155.35101639.1 l×× −  
van der Lingen et al. 
(2006) 
S
lyjw ,,  
Mean mass of sardine of stock j  in length class l  at the beginning of November 
in year y  Grams A14  
yjw ,~  
Mean mass of sardine sampled from stock j  during the November survey of year 
y   Grams 
∑∑
∑∑
=
=
p l
S
lypj
p l
S
lj
S
lypj
N
wN
5.23
3
,,,
5.23
3
,,,,
  
S
ajw ,  
Mean mass of age a  from stock j  sampled during each November survey, 
averaged over all years 
Grams ∑
+
−=
24
5.2
,,,
l
S
lj
sur
laj wA   
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Table A1 (Continued). 
Parameter / 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
 
  
Na
tu
ra
l M
or
ta
lit
y 
S
ayM ,  Rate of natural mortality of age a  in year y  Year-1  A9 and A10 
Selected based on 
maximized joint 
posterior, and subject 
to a compelling 
reason to modify 
from previous 
assessment 
S
jM  Median juvenile rate of natural mortality Year-1 1.0   
S
adM  Median rate of natural mortality for 1+ sardine Year-1 0.8   
j
yε  Annual residuals about juvenile natural mortality rate -  A9  
ad
yε  Annual residuals about natural mortality rate for 1+ sardine -  A10  
j
yη  Normally distributed error in calculating 
j
yε  - ( )2,0 jN σ    
ad
yη  Normally distributed error in calculating adyε  - ( )2,0 adN σ    
jσ  Standard deviation in the annual residuals about juvenile natural mortality - 0  See robustness tests 
adσ  Standard deviation in the annual residuals about natural mortality for ages 1+ - 0  See robustness tests 
ρ  Annual autocorrelation coefficient - 0  See robustness tests 
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Table A1 (Continued). 
Parameter / 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
Pr
op
or
tio
ns
-a
t-l
en
gt
h 
an
d 
gr
ow
th
 cu
rv
e 
S
lypjN ,,,  
Model predicted numbers-at-length l  at the beginning of November in year y  of 
stock j  that are uninfected ( NIp = ) or infected ( Ip = ) with the endoparasite 
Billions  A5  
S
lyjp ,,  
Model predicted proportion-at-length l  of stock j  associated with the November 
survey in year y  -  A30  
sur
layjA ,,,  
Proportion of age a  of stock j  sardine that falls in the length group l  in November 
of year y  -  A7  
jκ  Somatic growth rate parameter for stock j  Year-1 ( )3,0U    
∞,jL  Maximum length (in expectation) of stock j  Cm 
( )25,5~1, UL aj =
( )25,5~3, UL aj =  
 ∞,j
L  and jt ,0  
derived from 
estimated length at 
ages 1 and 3 yjt ,,0  Age at which the length (in expectation) is zero in year y  Year  A8 
jt ,0  Average age at which the length (in expectation) is zero  
( )








−
−
=
−
=
==
3,
2
1,
3,1,ln1
ajaj
ajaj
j LeL
LLe
j
j
κ
κ
κ
   
t
yε  Annual residuals about the age at which the length is zero  ( )2,0N    
tρ  Autocorrelation coefficient in these residuals  ( )1,1−U    
aj ,ϑ  Standard deviation of the distribution about the mean length for age a  of stock j  - ( )3,01.0U , += 2,1,0a   
Upper bound chosen 
to preclude 
unrealistically large 
lengths for very 
young fish 
Scoml
lqyjp
,
,,,  
Model predicted proportion-at-length l  of stock j  in the directed catch and round 
herring bycatch during quarter q  of year y  -  A33  
com
laqyjA ,,,,  
Proportion of age a  of stock j  sardine that falls in the length group l  mid-way 
through quarter q  of year y  -  A17  
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S
lyjP ,,  
Model predicted proportion-at-length l  of stock j  that are infected with the 
endoparasite, at the time of the November survey in year y    A31  
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Table A1 (Continued). 
Parameter / 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
Se
le
ct
iv
ity
 
survey
ljS ,  Survey selectivity-at-length l  in the November survey for stock j  -  A29 Some smaller fish escape through the 
trawl net 50S  Length at which survey selectivity is 50% Cm ( )20,5.2U   
δ  Inverse of slope of survey selectivity-at-length ogive when selectivity is 50% - ( )5,05.0U    
lqyjS ,,,  Commercial selectivity-at-length l  during quarter q  of year y  of stock j  -  A15  
aqyjS ,,,  Commercial selectivity-at-age a  during quarter q  of year y  of stock j  -  A16  
jχ  
Height of the Gaussian component for stock j  relative to the height of the logistic 
component 
- ( )1,0U    
jl ,1  Mean of the Gaussian distribution for stock j  Cm ( )15,5U   
Estimated for four 
time periods 84-86, 
87-97, 98-01, 02-15 
qyjl ,,,2  
Length at 50% selectivity in the logistic component for stock j  in quarter q  of 
year y  Cm ( )25,0U   
( )21selσ  Variance parameter of the Gaussian distribution Cm ( )7,2U   
( )2,2selyσ  Variance parameter of the logistic distribution Cm ( )10,0U   
M
ul
tip
lic
at
iv
e 
bi
as
 
S
Njk ,  
Multiplicative bias associated with the November survey of stock j  -  A26  
S
rjk ,  Multiplicative bias associated with the recruit survey of stock j  -  A27 – A28  
S
ack  Multiplicative bias associated with the hydro-acoustic survey - 
( ) ( )2094.0,310.0~ln −Nk Sac
 
 Appendix B 
Skcov  
Multiplicative bias associated with the coverage of the recruits by the recruit 
survey in comparison to the 1+ biomass by the November survey - 
( )1,3.0~ U   
Lower bound 
selected in 
discussions with 
scientists on these 
surveys and their 
field experience 
S
Skcov  
Multiplicative bias associated with the coverage of the south stock recruits by the 
recruit survey in comparison to the west stock recruits during the same survey  
( )1,0~ U    
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Table A1 (Continued). 
Parameter / 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
Ca
tc
h 
S
aqypjC ,,,,  
Model predicted number of age a  fish of stock j  caught during quarter q  of year 
y  that are uninfected ( NIp = ) or infected ( Ip = ) with the endoparasite Billions  A20  
mylcut ,  Cut off length for recruits in month m  of year y  Cm de Moor et al. 2016  
Differ by month and 
year as informed by 
the recruit surveys 
bycatch
aqypjC ,,,,  
Number of age a  fish of stock j  bycaught in the anchovy-directed fishery in 
quarter q  of  year y  that are uninfected ( NIp = ) or infected ( Ip = ) with the 
endoparasite 
Billions  A18  
dir
aqypjC ,,,,  
Number of age a  fish of stock j  caught in the sardine-directed and round herring 
bycatch fisheries in quarter q  of  year y  that are uninfected ( NIp = ) or infected 
( Ip = ) with the endoparasite 
Billions  A19  
dir
lqypjC ,,,,  
Number of length l  fish of stock j  caught in the sardine-directed and round 
herring bycatch fisheries in quarter q  of  year y  Billions  A32  
By
aqyjF ,,,  
Fished proportion in quarter q  of year y  for age class a  of stock j , of bycatch in 
the anchovy-directed fishery 
-  A21  
qyjF ,,  
Fished proportion in quarter q  of year y  for a fully selected age class a  of stock 
j , by the directed and round herring bycatch fisheries -  A22  
In
iti
al
 V
al
ue
s S
apjN ,1983,,  Initial numbers-at-age a  in stock j  Billions ( )50,0~1,1983,, UN S aNIj =
0,1983,, =
S
aNIjN , 2≥a
0,1983,, =
S
aIjN , +≤≤ 50 a    
 Alternatives 
considered for 
robustness tests 
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Table A1 (Continued). 
Parameter/ 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
Re
cr
ui
tm
en
t 
S
ja  Maximum recruitment of stock j  in the hockey stick model Billions ( ) ( )5.5,0~ln UaSj   Uninformative on log-scale as scale is 
not known a priori, 
with the maximum 
corresponding to 
about 10 million tons 
for SjK  
S
jc  Median recruitment of stock j  in the hockey stick model during peak years Billions ( ) ( )5.5,0~ln Uc Sj   
S
jb  
Spawner biomass below which the expectation for recruitment is reduced below 
the maximum for stock j  
Thousand 
tons 
( )05.1,05.1~ BetaKb S WjS Wj ==
001.0===
S
Sj
S
Sj Kb  
 
Insufficient 
information in the 
data to estimate the 
inflection point for 
the south stock 
S
jK  Carrying capacity for stock j  
Thousand 
tons 
 
 A24  
S
peakK  Carrying capacity during “peak” years (single stock hypothesis only) 
Thousand 
tons 
 
 A24  
S
yj ,ε  Lognormal deviation of recruitment of stock j  in year y  - 
( )( )2,, ,0~ S rjS yj N σε
( )( )2,, ,0~ S rpeakS yj N σε 12 
 
Reflects the 
assumption of a 
different distribution 
applying over the 
peak period 
( )2,S rjσ  Variance in the residuals (lognormal deviation) about the stock recruitment curve of stock j  - ( )10,16.0~ U   
Lower bound chosen 
to restrict the 
influence of the 
stock recruitment 
curve on the 
assessment results 
( )2,S peakrσ  Variance in the residuals (lognormal deviation) about the west/total stock recruitment curve during “peak” years - ( )10,16.0~ U   
S
ryjN ,,  
Model predicted number of juveniles of stock j   at the time of the recruit survey 
in year y  Billions  A25  
                                                 
12 During “peak” 2000-2004 years for the single stock hypothesis and for the west stock in the two mixing-stock hypothesis. 
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Table A1 (Continued). 
Parameter / 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
Lik
el
ih
oo
d 
NovLln−  
Contribution to the negative log likelihood from the model fit to the November 1+ 
survey biomass data -  A35  
recLln−  
Contribution to the negative log likelihood from the model fit to the recruit survey 
data -  A36  
proplsurLln−  
Contribution to the negative log likelihood from the model fit to the November 
survey proportion-at-length data -  A37  
proplcomLln−
 
Contribution to the negative log likelihood from the model fit to the quarterly 
commercial proportion-at-length data -  A38  
prevsurLln−  
Contribution to the negative log likelihood from the model fit to the November 
parasite prevalence-at-length data -  A39  
S
acφ  
CV associated with factors which cause bias in the acoustic survey estimates and 
which vary inter-annually rather than remain fixed over time - 227.0=   Appendix B 
( )2/,S rNjλ  Additional variance (over and above ( )
2
/,,
S
recNovyjσ  and ( )2Sacφ ) associated with 
the November/recruit surveys of stock j  
- ( )10,0~ U    
      
sur
proplw  Weighting applied to the remaining survey proportion-at-length data - 167.05.0 ×=   
To allow for 
autocorrelation13 
S
surj ,σ  
Standard deviation associated with the survey proportion-at-length data of stock 
j   - 
( ) ∑ ∑∑ ∑
= == = −
+
−
−
yn
yy l
yn
yy l
S
lyj
S
lyj pp
1
21
61
21
6
2
,,,, 1ˆ
14 
Closed form solution 
com
proplw  Weighting applied to the commercial proportion-at-length data 
 04.05.0 ×=   To allow for autocorrelation15 
                                                 
13 Based upon data being available ~6 times more frequently than annual age data which contain maximum information content on this.  Despite this downweighting of the size-
structure information, the model struggled to reproduce the peak in the abundance data at the turn of the century.  To provide a better fit to indices of abundance, a further 50% 
downweighing was applied to the size-structured data. 
14 The 21+ group in this equation consists of the length classes 21cm, 21.5cm, 22cm, 22.5cm, 23cm and 23.5cm. 
15 Based upon data being available ~4x6 times more frequently than annual age data which contain maximum information content on this. Despite this downweighting of the size-
structure information, the model struggled to reproduce the peak in the abundance data at the turn of the century.  To provide a better fit to indices of abundance, a further 50% 
downweighing was applied to the size-structured data. 
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Table A1 (Continued). 
Parameter / 
Variable Description 
Units / 
Scale 
Fixed Value / Prior 
Distribution Equation Notes 
 
Lik
el
ih
oo
d 
S
comj ,σ  
Standard deviation associated with the commercial proportion-at-length data of 
stock j  - 
( ) ∑ ∑∑∑ ∑∑
= = == = =
++
−
yn
yy q l
yn
yy q l
comlS
lqy
comlS
lqy pp
1
4
1
23
61
4
1
23
6
2
,,,1,,,1 1ˆ
( ) ∑ ∑ ∑∑ ∑ ∑
= = == = =
++
−
yn
yy q l
yn
yy q l
comlS
lqy
comlS
lqy pp
1
4
1
23
131
4
1
23
13
2
,,,2,,,2 1ˆ  
Closed form 
solution16 
                                                 
16 A shorter range of lengths is used given the near absence of data outside this range, resulting in small/zero residuals, which would negatively bias this estimate. 
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Table A2. Assessment model data, detailed in de Moor et al. (2016). 
Quantity Description Units / Scale 
Shown in 
Figure 
S
yt  Time lapsed between 1 May and the start of the recruit survey in year y  Months  
S
bsyjC 0,,
~
 
Number of juveniles of stock j  caught between 1 May and the day before 
the start of the recruit survey in year y  Billions  
fleetRFL
lmyjC
,
,,,  
Number of fish in length class l  landed by fleet  in month m  of year y  of 
stock j .  1=fleet  denotes the sardine directed fishery, 2=fleet  
denotes the sardine bycatch with round herring (1984-2011) or ≥14cm 
sardine bycatch (2012-14) and 3=fleet  denotes the juvenile sardine 
bycatch with anchovy (1984-2011) or <14cm sardine bycatch (2012-15) 
Billions  
S
yjB ,ˆ  
Acoustic survey estimate of biomass of stock j  from the November survey 
in year y  
Thousand 
tons 
Fig. 1 
 
S
Novyj ,,σ  
Survey sampling CV associated with S yjB ,ˆ  that reflects survey inter-transect 
variance 
- Fig. 1  
S
ryjN ,,ˆ  
Acoustic survey estimate of recruitment of stock j  from the recruit survey 
in year y  Billions 
Fig. 2 
 
S
recyj ,,σ  Survey sampling CV associated with 
S
ryjN ,,ˆ  that reflects survey inter-
transect variance 
- Fig. 2  
S
lyjp ,,ˆ  
Observed proportion (by number) of stock j  in length group l  in the 
November survey of year y  - Fig. 7 
comlS
lqyjp
,
,,,ˆ  
Observed proportion (by number) of the directed catch and round herring 
bycatch of fish of stock j  and length group l  during quarter q  of year y  - Fig. 10 
prev
lyjn ,,  
Number of sardine of stock j  in length class l  sampled from the November 
survey in year y  that were tested and found to be infected with the 
endoparasite 
Numbers 
Fig. 14 
prev
lyjN ,,  
Number of sardine of stock j  in length class l  sampled from the November 
survey in year y  that were tested for infection with the endoparasite Numbers 
Fig. 14 
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Appendix B. Calculating the bias in estimates of sardine from the May and November hydro-acoustic surveys 
 
The probability density functions (pdfs) for the bias in the May and November acoustic survey that relate directly to the 
acoustic survey (rather than, for example the coverage of the stock), Sack , and the CV associated with variable error 
factors which cause bias in the acoustic survey estimates, Sacφ , have been updated from that calculated by de Moor and 
Butterworth (2015).   
 
Anon. (2000) distinguished two different types of acoustic error factors (Table B1).  Constant error relates to a factor 
whose value is not known exactly, but whatever it is, it is the same for each year.  In contrast variable errors relate to a 
factor whose true value will change from one year to the next.    
 
Ten thousand samples were drawn from the individual pdfs for each source of error.  These sampled numbers were then 
all inverted so as to correspond directly to Sack  which applies to the model biomass rather than observed biomass.  The 
inverted sample of constant errors is denoted as jC , 10000,,1=j  for the only constant error factor (calibration – beam 
factor), and the inverted sample of variable errors – or errors that vary inter-annually – is denoted as kjV , 10000,,1=j  
for error factor k.  Histograms of the samples are given in Figure B1. 
 
As the survey biomass estimates are considered in log-space in the likelihood (equations S32-S33), the distributions of 
S
ack  and 
S
acφ  are similarly considered in log-space.  Histograms of the ( )jCln  and ( )kjVln  samples are given in Figure S10.  
The median of ( )Sackln  is subsequently calculated as the median of the sample: ( ) ( )∑+
k
k
jj VC lnln , 10000,,1=j , which 
is -0.310.  The standard deviation of ( )Sackln  is based only on the log of the constant factor, and thus it is calculated as 
the standard deviation of the sample: ( )jCln , 10000,,1=j , which is 0.094.  The prior distribution for ( )Sackln  is taken 
to be normally distributed, i.e. ( ) ( )2094.0,310.0~ln −Nk Sac  (Figure B2).  The standard deviation of the log of the variable 
factors is considered similar to additional variance in the likelihood calculation, and is calculated as the standard 
deviation of the sample: ( )∑
k
k
jVln , 10000,,1=j , giving 227.0=
S
acφ .  There may, however, still be systematic errors 
relating to the target strength that have not been taken into account in these pdfs.  These could be taken into account 
through sensitivity tests by using alternative priors for Sack .   
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Table B1. Individual error factors for hydro-acoustic surveys of sardine biomass, where the values define trapezium 
form pdfs (Anon. 2000).  Note that these error factors apply to the observed biomass, i.e. they reflect the inverse of the 
multiplicative bias factor Sack  in the model. 
Error Minimum Likely (lower) 
Likely 
(midpoint) 
Likely 
(upper) Maximum Nature 
Calibration 
(On-axis sensitivity) 
(Beam factor) 
 
0.90 
0.7517 
 
0.95 
0.90 
 
1.00 
1.00 
 
1.05 
1.10 
 
1.10 
1.25 
 
Variable18 
Constant 
Surface Schooling 1.00 1.05 1.075 1.10 1.15 Variable 
Target Identification 0.50 0.90 1.00 1.10 1.50 Variable6 
Weather Effects 1.01 1.05 1.15 1.25 2.00 Variable 
 
 
                                                 
17 This was originally reported as 0.8 in Anon 2000, but subsequently corrected (I. Hampton pers. Comm.). 
18 This was recorded in Anon. (2000) as random error denoting that it would be positive or negative rather than purely positive or 
negative. 
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Figure B1. The histograms of 10 000 samples of the individual error factors jC  and 
k
jV .   
 
Figure B2. The histograms of 10 000 samples of the individual error factors ( )jCln  and ( )kjVln .   
 
Figure B3.  The resultant assumed prior distribution for ( )Sackln . 
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Appendix C. Calculating Instantaneous Fishing Mortality and the Loss to Predation 
 
Considering only 1+ fish which primarily contribute to the directed sardine catch, and assuming that natural mortality, 
M , and commercial selectivity is constant over all ages of age 1 and above, the numbers of 2+ fish available at the end 
of the year is given by:  
( ) )1( 2,1,1,2,, , +
+−
+−=+= −=
=
y
MFS
yWj
S
yWj moveeNN
S
yWj  
( ) ( )MFS
qyWjy
MFS
ySj
S
ySj
S
yj
S
ySj eNmoveeNN +−+−=+
+−
+−=+=
== += ,, 1,,2,1,1,2,,  (C.1) 
where S yjN +− 1,1,  denotes the total (over all ages 1+ or 2+) number of sardine of stock j  in November 1−y  (i.e. at the 
beginning of the year), and S yjF ,  denotes instantaneous annual fishing mortality of sardine stock j  in year y .   
 
The biomass of sardine annually lost to predation, SyjP , , is calculated assuming for simplicity that catch is taken half 
way through the year 
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